factor, and the allelic differences in choosing could be decides which of the two X chromosomes will be inexplained by different affinities of two competing copies activated. It has been postulated that Xist is crucial of the Xce for the single blocking factor. This model also for heterochromatinization and thus functions downprovides a simple explanation for the observation that stream of the choice mechanism. Here we report that only one X chromosome remains active in diploid cells females heterozygous for an internal deletion in the with more than two X chromosomes (Grumbach et al., Xist gene, which includes part of exon 1 and extends 1963).
to exon 5, undergo primary nonrandom inactivation of
In contrast to the random X inactivation in somatic the wild-type X chromosome. The Xist gene, therefore, tissues, an unidentified mark, called an imprint, always not only has a role in chromatin remodeling, but also causes the extraembryonic tissues of rodents to inactiincludes an element required for X chromosome choosvate the paternal X chromosome (Takagi and Sasaki, ing. In conflict with the prevailing view of how choosing 1975). Imprinting renders the maternal X chromosome occurs, the element identified by the deletion plays a resistant to X inactivation as parthenogenetic embryos, positive role in the choice mechanism and forces a reaswhich have two maternal X chromosomes, fail to inactisessment of how X chromosome choosing is thought vate an X chromosome in extraembryonic cells (Kaufto occur. man et al., 1978; Rastan et al., 1980; Endo and Takagi, 1981; Tada and Takagi, 1992) . Similarly, mice that inherit Introduction an extra X chromosome due to the Robertsonian translocation Rb(X.2)2Ad (Adler et al., 1989) die during emEarly in the development of female mammals, one of bryogenesis if the supernumerary X chromosome is the two X chromosomes is transcriptionally silenced of maternal origin (Tada et al., 1993) . It is not known by heterochromatin formation to ensure equal levels of whether imprinted and random X chromosome selection X-linked gene expression in XX females and XY males, are related. a process called X inactivation. Studies of X-autosome
The Xist gene has also been mapped to the Xic region translocations led to the discovery of a region called (Borsani et al., 1991; Brockdorff et al., 1991 ; Brown et the X inactivation center (Xic), which must be present al., 1991) but appears to be genetically separable from in cis for an X chromosome to be inactivated (Russell, the Xce (Simmler et al., 1993) . The Xist gene has been 1963; Russell and Mongomery, 1965; Rastan and Brown, shown to be essential for X inactivation in cultured cells 1990). Furthermore, the cell must contain at least two (Penny et al., 1996) and in mice (Marahrens et al., 1997) . Xics for X inactivation to occur (Rastan and Robertson, Xist encodes a 15 kb untranslated RNA that is stabilized 1985). Consistent with this notion, a YAC transgene conduring X inactivation and coats the inactive X chromotaining 450 kb of sequence from the Xic region has been some, suggesting a structural role for the RNA in heteroshown to inactivate an autosome in male cells (Lee et chromatin formation (Clemson et al., 1996; Panning et al., 1996; Lee and Jaenisch, 1997b) , suggesting that the al. Sheardown et al., 1997 ). An X chromosome YAC causes a male cell to behave as if it contains more with a large deletion in the Xist gene but with an intact than one Xic. A similar result has been reported with a Xce can be chosen for X inactivation but fails to become cosmid-based transgene (Herzing et al., 1997) .
inactive, demonstrating that Xist is required for hetero-A choice mechanism in female somatic cells deterchromatin formation and functions downstream of the mines which X chromosome is inactivated and which X random choice mechanism (Penny et al., 1996) . This chromosome remains active. X chromosome choosing experiment was performed in a female ES cell line that is thought to be performed at the X-controlling element maintains two active X chromosomes in the appropriate (Xce), which has been mapped to the Xic region and is cell culture conditions but undergoes random X inactivadefined by allelic differences in the likelihood of an X tion when induced to differentiate. chromosome being chosen for inactivation (Cattanach We previously derived a line of mice that carries a and Papworth, 1981; Simmler et al., 1993) . X chromodeletion in the Xist gene that extends 3Ј of the deletion somes have an equal chance of being chosen if they used in the aforementioned cell culture studies (Marahrens et al., 1997) . Female pups that inherited the mutation from their fathers were severely growth retarded ‡ To whom correspondence should be addressed.
and died during embryogenesis. The lethality was due to a complete failure to undergo X inactivation in the imprinted extraembryonic tissues (Marahrens et al., 1997) . The mutant paternal X chromosome was never inactivated, indicating that Xist is required for heterochromatin formation. The wild-type maternal X chromosome also remained active in every cell, indicating that the imprinted control of X chromosome choosing in extraembryonic tissues was undisturbed by the mutation. Xist, therefore, also functions downstream of the imprinted selection mechanism (Marahrens et al., 1997) . In contrast to paternal inheritance, female pups, heterozygous for a maternally inherited Xist mutation, were healthy with the wild-type X chromosome inactive in every cell (Marahrens et al., 1997) . In view of the evidence that Xist functions downstream of the random translocation product with the Xic, resulting in unbalanced cells. The cells that inactivated the translocation has occurred at embryonic day 7 (E7), about one day product are then progressively lost from the embryo following X inactivation, but approximately three-quar- (McMahon and Monk, 1983) . Despite this massive cell ters of the genetically unbalanced cells are lost between loss, the embryos develop into healthy, but small, new-E7 and E8. By E12.5 no unbalanced cells remain (McMaborn pups (Lyon et al., 1964). hon and Monk, 1983) . Despite this massive cell loss, the If the Xist ϩ/Ϫ mice undergo random choice, then oneembryos develop into healthy newborn pups that can half of the cells should fail to inactivate an X chromobe distinguished from their wild-type littermates by their some, resulting in cell loss and reduced birthweights.
small size (Lyon et al., 1964) . Newborn females heterozyIn the present study, we report that Xist ϩ/Ϫ females ungous for Searle's translocation are 79% the weight of dergo primary nonrandom inactivation of the wild-type their wild-type littermates at birth ( Figure 1A ) (Lyon et X chromosome in every cell. These surprising findings al. , 1964) . are incompatible with the leading models for X inactivaIn contrast, newborn Xist ϩ/Ϫ females were exactly the tion and force a reassessment of how X inactivation is same weight at birth as their sibs ( Figure 1B ). This surthought to occur.
prising observation suggested that the Xist ϩ/Ϫ embryos had retained all of their epiblast because they had chosen to inactivate the wild-type X chromosome in every Results cell (primary nonrandom X inactivation). The alternative possibility, that the Xist ϩ/Ϫ embryos had attempted to We have previously shown that female mice, heterozygous for a maternally inherited Xist mutation, are healthy undergo random X inactivation and consequently lost one-half of their epiblast, requires the Xist ϩ/Ϫ embryos with the wild-type X chromosome inactive in every cell (Marahrens et al., 1997) . Since Xist has been shown to to have experienced compensatory growth that resulted in normal birthweights. This compensatory growth would function downstream of the random choice mechanism (Penny et al., 1996) , we had assumed that the mutant have to be quite substantial because the Xist-deficient X chromosome carries the Xce a allele, which provides epiblast had undergone random X chromosome choosing and subsequently lost the cells that had chosen, but the maximum likelihood of being inactivated. Embryos heterozygous for the Searle's translocation rapidly lose failed to inactivate, the Xist-deficient X chromosome. Loss of cells that express both copies of X-linked genes three-quarters of their unbalanced cells between E7 and E8 (McMahon and Monk, 1983) and do not balance the has been shown to occur in embryos that inherit both products of Searle's X-autosome translocation from reduction in embryo size with compensatory growth during in utero development (Lyon et al., 1964) . The loss of their mothers. In these embryos, no significant cell loss unbalanced epiblast from Xist ϩ/Ϫ embryos would probably also be rapid and result in Xist ϩ/Ϫ embryos that are smaller than their wild-type littermates at E8.5 or E9.5. However, a careful comparison of ten Xist ϩ/Ϫ embryos and their wild-type littermates at E7.5 (2 mutant embryos, 5 wild-type littermates), E8.5 (6 mutants, 19 wildtype littermates), and E9.5 (2 mutants, 7 littermates) led us to conclude that Xist ϩ/Ϫ embryos were not smaller than the wild-type embryos from the same litter ( Figures  2A-2C) .
The observation that the Xist ϩ/Ϫ embryos had maintained the same size as wild-type embryos following X inactivation provided further indication that Xist ϩ/Ϫ embryos underwent primary nonrandom X inactivation. Nevertheless, it could not be ruled out that X chromosome choosing was random in Xist ϩ/Ϫ embryos and that the loss of unbalanced epiblast had been gradual, allowing simultaneous compensatory growth to maintain the embryos at a normal size at all times. In Searle's translocation embryos, which rapidly lose the cells expressing a double dose of X-linked genes, unbalanced epiblast cells are abundant at E7 and E8 but undetectable at E12.5 (McMahon and Monk, 1983) . A more gradual loss of cells from Xist ϩ/Ϫ embryos would require the unbalanced cells also to be readily detectable at E7 and E8.
To determine directly whether Xist ϩ/Ϫ embryos retain cells with two active X chromosomes shortly after X inactivation, we employed fluorescence in situ hybridization (RNA FISH) to assess the X inactivation status of the individual cells of Xist ϩ/Ϫ embryos. Prior to X inactivation (at about E6), an unstable Xist transcript is expressed from both X chromosomes and can be readily visualized as two dot-like RNA signals, one at each Xist locus, using FISH (low-level biallelic Xist expression pattern, Figure 3B ) (Panning et al., 1997; Sheardown et al., 1997) . Male cells also express an unstable transcript at this time, which is visible as a single dot (low-level monoallelic). During X inactivation, Xist RNA from one allele is stabilized and coats the X chromosome (differential biallelic pattern, Figure 3B ) (Panning et al., 1997; Sheardown et al., 1997) . The Xist gene on the active X chromosome is subsequently silenced (highlevel monoallelic pattern, Figure 3B ). At E7.5, approximately 15% of wild-type female somatic cells display the differential biallelic Xist expression pattern, while 85% of the cells show high-level monoallelic expression (Panning et al., 1997; data not shown). Also, about 15% differential biallelic expression in every cell ( Figure 4C ). A probe that recognizes both the wild-type and the
We have previously observed in extraembryonic tissue truncated Xist RNAs (full probe, Figure 3A) revealed that that the truncated Xist RNA cannot coat and inactivate E7.5 Xist male embryos, used as controls, displayed a an X chromosome (Marahrens et al., 1997 ). Conselow-level monoallelic expression pattern ( Figure 4A ) that quently, cells that had chosen the mutant X chromowas indistinguishable from the Xist expression seen in wild-type males and is in agreement with previous resome should not display the large signal expression pattern seen in high-level monoallelic-and differential sults (Marahrens et al., 1997) . Also consistent with previous reports, X inactivation was complete in wild-type biallelic-expressing cells. High-level monoallelic or differential biallelic (added together: 100%, 283/283 cells) female embryos that displayed high-level monoallelic or Cells from five female wild-type E7.5 embryos produced both the differential biallelic (17%, 47/279 cells) and high-level monoallelic (83%, 232/279 cells) expression patterns at the expected frequencies. The hybridization of the deletion probe to cells from eight Xist ϩ/Ϫ E7.5 embryos produced exclusively the high-level monoallelic signal (99%, 466/470 cells) and a complete absence of a low-level monoallelic signal (0/470 cells, Figure 4E) . We therefore conclude that the Xist ϩ/Ϫ embryos undergo primary nonrandom inactivation of the wildtype X chromosome.
Discussion
We have examined female embryos and newborn mice carrying a deletion in one of the two copies of the Xist gene and determined that every somatic cell had nonrandomly inactivated the wild-type X chromosome. The absence of random choice in the Xist ϩ/Ϫ cells indicates that the Xist gene is required for X chromosome choosing. The observation that this X-linked defect results in the primary nonrandom inactivation of the other, wild- always being blocked and active. Since our deletion has the opposite effect-the wild-type X chromosome is always inactivated-we have located a positive element expression was observed in all cells of Xist ϩ/Ϫ embryos that is recognized by a factor that initiates heterochro-( Figure 4D ), indicating that the full-length Xist RNA was matin formation. coating the wild-type X chromosome and that the mutant X chromosome was never chosen.
To confirm that Xist ϩ/Ϫ embryos undergo primary nonTwo Roles for Xist in X Inactivation Our results provide the first demonstration that the Xist random X inactivation, RNA FISH was also performed on the cells of E7.5 embryos using a second probe that gene is required for the choice step in X inactivation. Two independent studies had previously shown the Xist recognizes the wild-type, but not the mutant, Xist RNA (deletion probe, Figure 3A) . When the deletion probe is gene to be required for heterochromatin formation. In one study, female (XX) ES cells, carrying a targeted delehybridized to cells from Xist ϩ/Ϫ embryos, the pattern predicted by the random choosing of either X chromotion in one of the two copies of the Xist gene, produced two populations of cells when induced to undergo ransome is different from the pattern predicted by the primary nonrandom selection of the wild-type X chromodom X inactivation: cells with an inactive wild-type X chromosome and cells with two active X chromosomes some ( Figure 3C ). If the Xist-deficient X chromosome is chosen at random in one-half of the cells, then a low- (Penny et al., 1996) . The relative proportions of the two targeted cell populations accurately reflected the influlevel monoallelic signal should be seen, using the deletion probe, in cells that had selected the mutant X chroence of the Xce locus, indicating that the random choice mechanism was not disturbed by the mutation (Penny et mosome but had not yet silenced the wild-type Xist locus ( Figure 3C ). Alternatively, if the wild-type X chroal., 1996) . In another study, we generated mice carrying a different deletion in the Xist gene and showed that the mosome had undergone primary nonrandom X inactivation in every Xist ϩ/Ϫ cell from an E7.5 embryo, all cells deletion abolished heterochromatin formation in the extraembryonic lineage but did not disturb the imprint that should display a High Level Monoallelic signal ( Figure  3C ). As expected, a single dot-like pattern was seen in controls X chromosome selection in this tissue (Marahrens et al., 1997) . Since, in contrast, random choice in male wild-type E7.5 embryos (not shown), demonstrating that the deletion probe reliably detects low-level Xist the somatic lineage is disrupted by our mutation, our results indicate that random and imprinted X chromoexpression. Also as expected, no Xist signal could be detected in male Xist Ϫ E7.5 embryos ( Figure 4B) . A probe some selection are distinct processes. The contrast between our results, which indicate that recognizing the Pgk-1 transcript was used as an internal control in these cells to show that the absence of an the Xist gene is required for random choosing, and the results of Penny et al. (1996) , which indicate that random Xist signal was not due to a technical failure ( Figure 4B ). choosing is unaffected by a large deletion in the Xist example, our deletion) and consequently would always bind and inactivate the wild-type X chromosome. Howgene, may lie in the difference in the two deletions. The targeted deletion of Penny et al. extends into the ever, a deletion that does not disrupt initiation factor binding but impairs heterochromatin formation (for expromoter, abolishing transcription, and in addition removes the first 7 kb of exon 1. The deletion used in ample, the deletion reported by Penny et al.) would result in both cells with two active chromosomes and cells our study extends from exon 1 to intron 5, leaving all transcription regulatory elements intact. Therefore, the with an inactive wild-type X chromosome. A model introducing the concept of a positive initiation two nonidentical deletions define a 6 kb region that is indispensable for the random choice mechanism. Imfactor must explain the observation that diploid female cells carrying supernumerary X chromosomes are capaportantly, the results of Penny et al. indicate that random choosing occurs in the absence of Xist transcription, ble of inactivating more than one X chromosome. X inactivation in mammals follows the "n-1 rule" (Lee and arguing that X chromosome choosing, as defined by our work, does not depend on Xist RNA per se but rather Jaenisch, 1997a), which dictates that a single X chromosome remains active per diploid set of autosomes: dipon a DNA element that may be located in one of the deleted introns.
loid XXX individuals have two inactive X chromosomes and tetraploid (2n) female cells inactivate two X chromosomes and keep two X chromosomes active. Therefore,
Mechanism of Choice
The simplest way to explain the X inactivation patterns diploid XXX individuals must produce two initiation factors and XXXX individuals three. A counting mechanism seen in wild-type cells and in the two different Xist mutants is to postulate that a diploid female cell produces based upon a limiting factor that chooses one X chromosome for inactivation may break down in cells with large a single initiation factor that binds and inactivates one X chromosome ( Figure 5A ). According to this model, the numbers of X chromosomes or many copies of an Xic transgene (Lee et al., 1996) . unique initiation factor would be unable to recognize a mutant Xist allele that is missing the choice element (for A more complex model for X chromosome choosing, In both models, the induction of X inactivation is marked by the appearance of a positive initiation factor (circle). The binding of this factor to a "choice element" present on either chromosome determines which chromosome will inactivate and also initiates heterochromatin formation.
(A) In this model, the initiation factor is present in a single copy per cell choosing only one X chromosome for inactivation. When the binding site within the Xist transcribed region is deleted from one X chromosome, only the wild-type X chromosome can be selected.
(B) In this model, a unique blocking factor (stop sign) binds reversibly to the X chromosome and switches back and forth between the two X chromosomes. At the time of X inactivation, the initiation factor is expressed and binds all X chromosomes not occupied by the blocking factor. Because binding of the initiation and blocking factors is mutually exclusive, this "locks" the fate of each X chromosome. When the binding site for the initiation factor is deleted from one X chromosome, all cells end up with the blocking factor on the mutant allele.
presented in Figure 5B , would faithfully preserve one (Simmler et al., 1993) , and the two may yet prove to be synonymous. Interestingly, a polymorphism has been active X chromosome in cells with a high number of X chromosomes. According to this model, X chromosome identified in the human XIST promoter that correlates with the severely skewed X inactivation patterns seen choosing is performed by two different factors that select the active and inactive X chromosomes by mutually in some families (Plenge et al., 1997) . Detailed mutagenesis is necessary to clearly define the functional eleexclusive binding to the X chromosome. A cell would produce a unique blocking factor that binds the Xist ments. The identification of the factors that bind these elements should clarify the molecular mechanisms ungene but switches back and forth between the two X chromosomes. The initiation factor, which is not limiting, derlying X inactivation. would bind all X chromosomes not occupied by the blocking factor. The results seen with the two Xist muta- (1978) . X chromoby nick translation (Amersham). Pgk-1 probe was obtained by ransome inactivation in diploid parthenogenetic mouse embryos. Nadom priming using biotinylated nucleotides (GIBCO-BRL). After exture 271, 547-549. tensive washing, hybridization to Pgk-1 transcripts was detected Lee, J.T., and Jaenisch, R. (1997a). The (epi)genetic control of mamusing avidin conjugated to fluorescein (Vector Laboratories). DNA malian X-chromosome inactivation. Curr. Opin. Genet. Dev. 7, was counterstained with DAPI (Molecular Probes), and the slides 274-280. were coverslipped with Vectashield mounting medium (Vector LaboLee, J.T., and Jaenisch, R. (1997b). Long-range cis effects of ectopic ratories). Fluorescent signals were captured using a Sony Videomax X inactivation centres on a mouse autosome. Nature 386, 275-279. CCD camera mounted on a Nikon Photoskop. Color channels were Lee, J.T., Strauss, W.M., Dausman, J.A., and Jaenisch, R. (1996) . A merged in Adobe Photoshop. Fluorescent signals were also cap-450 kb transgene displays properties of the mammalian X inactivatured using a 35 mm camera mounted on a Zeiss Axioskop using Kodak Ektachrome 1600 slide film. A Kodak Sprintscan 35 slide tion center. Cell 86, 83-94. scanner was used to record the images in digital form so that color Lyon, M.F., Searle, A.G., Ford, C.E., and Ohno, S. (1964) . A mouse channels could be merged in Adobe Photoshop.
translocation suppressing sex-linked variegation. Cytogenetics 3, 306-323.
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